Objectives-Because of various fetal and maternal disease states, this study was conducted to evaluate the fractional shortening of 24 transverse segments distributed from the base to the apex of the ventricular chambers.
valuation of fetal cardiac function can be performed by using M-mode, 2-dimensional, 4-dimensional, and pulsed Doppler echocardiography. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] Using M-mode ultrasound (US), investigators have evaluated the contractility of the ventricular chambers by computing the transverse fractional shortening as well as systolic longitudinal displacement of the tricuspid and mitral annuli ( Figure  1 ). [11] [12] [13] [14] With the introduction of 2-dimensional speckle tracking, it is possible to identify movement of the endocardium during the cardiac cycle and determine the direction and velocity of endocardial segments from the base to the apex of the ventricular chamber. [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] We previously demonstrated that the endocardial wall motion of the right and left ventricles does not move perpendicular to the center of each chamber during systole but is displaced tangentially, having both longitudinal and transverse components ( Figure 2 ).
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Supplemental material online at jultrasoundmed.org Therefore, when M-mode US is used to record fractional shortening, the endocardial segment measured at end diastole is not the same endocardial segment measured at end systole ( Figure 2 ). Since it would be important to measure fractional shortening from various locations within the ventricle, regardless of their tangential movement during systole, we conducted this study to evaluate movement of the endocardium from 24 transverse segments equally placed from the base to the apex of the right and left ventricular chambers. 
Materials and Methods

Control Population
Two hundred control fetuses with accurate first-and/or second-trimester dating US examinations were examined between 20 and 40 weeks' gestation. The fetuses were not at risk for congenital heart defects or growth restriction and were free of US-detected malformations and growth disturbance at the time of the examination. 32 All measurements were performed by a single examiner (G.R.D.) in an outpatient facility.
Fetuses With Congenital Heart Defects Study patients were selected from our database in which the 4-chamber view subjectively appeared to show ventricular chamber disproportion. Fetuses with congenital heart defects were confirmed postnatally. Measurements of the biparietal diameter, head circumference, abdominal circumference, femur length, and estimated fetal weight were obtained, and their corresponding centiles were computed by using equations from Hadlock et al. 33, 34 The Doppler pulsatility indices of the umbilical and middle cerebral arteries were measured, and the cerebroplacental ratio was computed. 35 All patients signed a consent form allowing the use of images obtained during their examinations for study purposes. The University of California at Los Angeles Institutional Review Board approved the study protocol.
Ultrasound Image Acquisition and Orientation
Two-dimensional images of the 4-chamber view were obtained with either an RM6C or EM6C transducer and a Voluson E10 system (GE Healthcare, Milwaukee, WI). Images were optimized to enhance the borders between the blood pool and endocardium by imaging the 4-chamber view when the lateral walls and interventricular septum were between 45 8 and 90 8 to the US beam. 15 Three-second cine clips of the 4-chamber view were stored as Digital Imaging and Communications in Medicine (DICOM) files and exported to an offline cloud database. The Digital Imaging and Communications in Medicine image frame rate was equivalent to the frame rate acquisition at the time of the examination. 15 Evaluation of the 4-Chamber View Using Offline Speckle-Tracking Software Once the 2-dimensional image of the 4-chamber view ( Figure 3A ) was obtained and stored in the Digital Imaging and Communications in Medicine format, it was imported into an offline cardiac software program for analysis (2D Cardiac Performance 1.2, or 2D CPA) developed by TomTec Imaging Systems GmbH (Munich, Germany) using criteria that have been previously described. 15 The endocardial border for each ventricle was traced from the base of the lateral wall to the apex and from the apex to the base of the septal wall. 15 Figure 2. Tangential displacement of the endocardial wall during ventricular systole. A, The end-diastolic frame shows the location of the segments of the left lateral wall and septum (yellow dots) and the path that each segment moves throughout the cardiac cycle (green lines). The yellow circle and red square identify the location of 2 adjacent segments at end diastole.The white line represents placement of the M-mode cursor. B, The end-systolic frame shows that the yellow circle has moved toward the apex, away from the M-mode cursor line. The red square has moved into the position of the M-mode cursor line. These changes show that the portion of the ventricular wall that would be recorded at end diastole during an M-mode examination is not the same portion of the wall that is recorded at end systole. LA indicates left atrium; LV, left ventricle; RA, right atrium; and RV, right ventricle.
After the tracing, automated analysis detected the endocardial borders throughout the cardiac cycle. The analysis of both ventricles was less than 5 minutes.
Once the analysis for each ventricle was completed, the raw data were exported to a text file. The text file was imported into an Excel spreadsheet (Microsoft Corporation, Redmond, WA) that had been programmed to compute the end-diastolic and end-systolic positions for each of the 24 segments. The following is a description of the analytical technique used for the computation of the end-diastolic and end-systolic reference points from which the 24 segment lengths were computed. 1. The endocardium was divided into 49 points that began at the lateral wall of the insertion of the atrioventricular valve and extended toward the apex and continued to the insertion of the atrioventricular valve on the interventricular septum ( Figure 3 , B and C). 2. From the 49 points, 24 end-diastolic transverse segments were defined as 2 points opposite each other, 1 on the lateral ventricular endocardium and 1 on the endocardium of the interventricular septum (eg, segment 1 5 points 1 and 49; segment 6 5 points 6 and 44; and segment 12 5 points 12 and 38; Figure 3 , B and C, and Table 1 ). 3. With segment 1 as an example (points 1 and 49), the paired values for the X and Y coordinates for each segment ( Figure 3 , B and C, and where x is the X coordinate value at points 49 and 1, and y is the Y coordinate at points 1 and 49 ( Figure  3 ). 4. The pixel length for each of the 24 transverse enddiastolic and end-systolic segments was multiplied by the pixel value equivalent in millimeters, provided by the text file output, to compute each segment length in millimeters. 5. Once the 24-segment end-diastolic and end-systolic lengths were computed, the fractional shortening was derived as follows:
½ðend-diastolic length -end systolic lengthÞ= end diastolic length3100:
6. In addition to computing the transverse enddiastolic and end-systolic lengths, the program graphically connected the end-diastolic with the end-systolic segments for the lateral and septal walls of each ventricle and displayed the displacement in a graphic format.
Statistical Analysis
Fractional shortening was computed for each of the 24 transverse segments (dependent variable) and regressed against independent somatic growth and age variables (head circumference, biparietal diameter, abdominal circumference, femur length, estimated fetal weight, USderived mean gestational age, and gestational age by the last menstrual period by using a curve-fitting program previously described (NCSS 11; NCSS, Kaysville, UT). 36 A descriptive statistical module (NCSS 11) was used to compute the mean and standard deviation for variables not correlated with somatic growth and fetal age. The D'Agostino kurtosis test was used to determine whether the results for each segment were normally distributed (NCSS 11). The intraobserver Lin concordance correlation coefficient and the interobserver j coefficient were computed from 30 fetal studies (NCSS 11) from 2 examiners (NCSS 11).
Results
Control Population
The ethnicity of the 200 control patients consisted of Asian (6%), white (66%), African American (6%), and Hispanic (22%) patients. The intraobserver Lin concordance correlation coefficients were as follows: segments 1 to 8, 0.94 to 0.97; segments 9 to 16, 0.91 to 0.96; and segments 17 to 24, 0.82 to 0.89. The interobserver j coefficient was 0.97. The mean heart rate was 144 (SD, 10) beats per minute; the mean image acquisition frame rate was 109 (SD, 23) Hz; and the mean frames per cardiac cycle were 46 (SD, 10). Regression and correlation analyses showed no significant relationships between fractional shortening and the head circumference, biparietal diameter, abdominal circumference, femur length, estimate fetal weight, US-derived gestational age, and gestation age by the last menstrual period. Therefore, the mean and standard deviation fractional shortening for each segment were computed by using the descriptive statistical module from NCSS.
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The means and standard deviations for fractional shortening of the 24 segments of the right and left ventricles are listed in Table 2 . The measurements were normally distributed for each of the 24 segments of both ventricles. There was no significant difference in fractional shortening between the right and left ventricles for segments 1 to 5, representing the bases of the ventricles (Table 2) . However, the left ventricular fractional shortening was significantly increased for segments 6 to 24 compared to the right ventricle (Table 2 and Figure 4 ). These segments represented the lower basal, mid, and apical sections of the chambers. The fractional shortening mean, fifth, 10th, 90th, and 95th centiles for the 24 segments from the right and left ventricles are listed in Tables 3 and 4 . Systolic movement of the lateral and septal wall segments was toward the center of the left ventricular chamber (Figure 4 ). Systolic movement of the lateral wall of the right ventricle was toward the center of the ventricular chamber. However, the septal wall did not move toward the center of the right chamber ( Figure 4 ).
Study Fetuses With Congenital Heart Defects Pulmonary Stenosis
Compared to the healthy fetus, movement of the interventricular septum was exaggerated and displaced the septum toward the left ventricular chamber ( Figure 5 , A and B). This movement resulted in increased fractional shortening for segments 1 to 18 of the left ventricle ( Figure 5 , A-C). Because of exaggerated movement of the basal portion of the right lateral wall, the fractional shortening was increased above the 95th centile. For segments 10 to 24, the right ventricular fractional shortening was below the fifth centile ( Figure 5D ). Fetal growth was normal, with the umbilical artery pulsatility index above the 95th centile (Table 5) .
Hypoplastic Left Ventricle
Compared to the control fetus, the basal segments of the lateral and septal walls of the left ventricle showed abnormal movement during systole, resulting in decreased fractional shortening (<5th centile) for segments 1 to 24 ( Figure 6 , A-C). The lateral basal wall of the right ventricle showed minimal displacement, resulting in depressed fractional shortening below the fifth centile for segments 1 to 8 ( Figure 6D ). The basal and mid portions of the interventricular septum were displaced toward the center of the chamber ( Figure 6B ). This displacement resulted in increased fractional shortening for segments 9 to 18 of the right ventricle ( Figure 6D ). Fetal growth and Doppler findings for the umbilical and middle cerebral arteries were normal (Table 5) .
Critical Aortic Stenosis
Compared to the healthy fetus, the basal, mid, and apical segments of the septal wall of the left ventricle showed abnormal movement toward the right ventricle during systole, resulting in decreased fractional shortening (<5th centile) for segments 1 to 24 ( Figure 7 , A-C).
The lateral basal wall of the right ventricle had minimal displacement, resulting in depressed fractional shortening below the fifth centile for segments 1 to 8 ( Figure 7 , B and D). The mid portion of the interventricular septum of the right ventricle was displaced toward the center of the chamber ( Figure 7 , B and D). This displacement resulted in increased fractional shortening for segments 9 to 17 ( Figure 7D ). The fetal growth and Doppler findings were normal ( Table 5 ). Figure 8 illustrates movement of the 24 segments of the lateral and septal walls of the right and left ventricles. Compared to the healthy fetus, the basal, mid, and apical segments of the septal wall of the left ventricle moved toward the right ventricle during systole, resulting in decreased fractional shortening (<5th centile) for segments 1 to 6 and 10 to 24 ( Figure 8 , A-C). The right ventricle was larger than the left ventricle and had decreased fractional shortening below the fifth centile for segments 1 to 6 and 22 to 24 ( Figure 8 , B and D). Segments 9 to 14 were just above the fifth centile. The fetal growth was normal, but the middle cerebral artery pulsatility index was below the fifth centile (Table 5) .
Coarctation of the Aorta
Discussion
This study examined fractional shortening for 24 ventricular segments from 20 to 40 weeks' gestation and did not find a significant correlation with fetal biometric or gestational age independent variables. Although these findings were consistent with previous reports in which the fractional shortening was measured using M-mode US, Luewan et al 37 reported a statistically significant decrease in fractional shortening for both ventricles as a function of gestational age, head circumference, and biparietal diameter. 5, 39 However, they stated that the differences might not be clinically significant and proposed fractional shortening values that were constant throughout gestation. 37 All previous studies measured fractional shortening using real-time directed M-mode US by placing the Mmode cursor at the level of the atrioventricular valves or just below the valve leaflets. 5, 13, [37] [38] [39] [40] [41] The mean values for fractional shortening of the left ventricle varied between 26% to 48% and 21% to 42% for the right ventricle. 5, 13, [37] [38] [39] [40] [41] The reasons for the variation in fractional shortening might be explained by the following observations from this current study:
Tangential displacement of the ventricular walls and septum during systole- Figure 2 illustrates this phenomenon. For this reason, we tracked the movement for each of the 24 diastolic segments and measured the corresponding end-systolic lengths to compute the fractional shortening. This process removed the potential error of measuring the incorrect segment resulting from tangential movement of the walls and septum during systole that occurs with an M-mode recording (Figure 2) .
Not recording the M-mode from the center of the ventricular chambers-Except for the study by Luewan et al 37 in which an M-mode cursor was placed in the center of the ventricular chamber after acquiring a spatiotemporal image correlation volume, other studies recorded the M-mode images using a real-time directed technique. Recording the M-mode images from the base of the heart, which includes opening and closing of the atrioventricular valves, is a useful technique to ensure that the recording is from the center of the chamber. However, recording the M-mode images below the atrioventricular valves is more prone to errors because there is no internal marker to confirm placement of the Mmode cursor within the center of the chamber. Therefore, if the M-mode cursor is not placed within the center of the chamber but is placed obliquely, it could artificially increase the fractional shortening value. Using the technique described in this article minimizes incorrect recording of the wall motion from an oblique image because the 4-chamber view can be examined for proper orientation before measuring fractional shortening. 15 Placement of the M-mode cursor at different locations distal to the insertion of the atrioventricular valves- Table  2 and Figure 4 demonstrate that fractional shortening increases from the base to the apex of the heart for the right and left ventricles. Depending on where the Mmode cursor is placed within the ventricular chamber, values in the reported ranges from previous studies could be obtained. 5, 13, [37] [38] [39] [40] [41] Increased fractional shortening of the left ventricular mid and apical portions of the chamber compared to the right ventricle-When the examiner places the M-mode cursor at the base of the ventricle (segments 1-8), there is no significant difference in fractional shortening between the right and left ventricles. However, if the Mmode cursor were to be placed in the mid portion of the ventricular chamber (segments 9-16) or lower toward the apex (segments 17-24), there could be a significant difference between the two chambers. Given the results of this study, the examiner who elects to use M-mode imaging to measure fractional shortening of the ventricular chamber should give thoughtful consideration to cursor placement when interpreting the results from an Mmode recording.
The reason that the fractional shortening of the left ventricle is greater than the right ventricle for segments 6 to 24 is because of the inward movement of the interventricular septum during systole (Figures 2 and 4) . To understand this phenomenon, it is important to review the orientation of the muscle fibers that comprise the heart. The right lateral ventricular wall consists of myocardial segments that are oriented longitudinal and transverse to the long axis of the chamber, resulting in movement of the wall both longitudinally and transversely during systole. 42, 43 The left lateral wall has similar longitudinal and transverse musculature in the epicardial portion of the myocardium, resulting in longitudinal and transverse movement during systole. 42 However, the endocardial portion of the left ventricular lateral wall and the interventricular septum also have opposing oblique fibers that run from the base to the apex and from the apex to the base. Contraction of these myocardial elements results in the "twist" observed during ventricular systole. 44, 45 Thus, the interventricular septum is committed to the left ventricle as it moves toward the center of the chamber during systole, with minimal or no movement toward the right ventricular chamber ( Figures 1A,  2, and 3D ). For these reasons, examination of the mid and apical regions of the ventricles, as was done in this study, is important to detect ventricular dysfunction, since the interventricular septum is susceptible to hypoxia and an increased afterload. 43 Examination of systolic movement of the ventricular chambers during a real-time examination of the 4-chamber view may be misleading in fetuses with structural malformations because of tethering during diastole and systole. Tethering results in a "rocking" movement of the involved ventricular chamber during diastole and systole, with the latter giving the appearance of a contracting ventricle when indeed it is not.
Figures 5B, 6B, and 7B suggest tethering for the fetuses with pulmonary stenosis, a hypoplastic left ventricle, and critical aortic stenosis. The clips in online Supplement 1 show this phenomenon. Fractional shortening of the opposing chamber in the fetuses with pulmonary stenosis, a hypoplastic left ventricle, and critical aortic stenosis was increased in the mid and apical sections of the noninvolved ventricle. We suggest that this change may be secondary to displacement of the interventricular septum into the chamber as the result of tethering, resulting in an increased fractional shortening value (see clips). A finding of decreased fractional shortening at the base of the right ventricular chamber in the fetuses with a hypoplastic left ventricle and critical aortic stenosis could be secondary to chamber dilatation, which is often observed when chamber disproportion is present.
The fetus with coarctation of the aorta showed depression of fractional shortening at the base of both the right and left ventricles as well as depression of the mid and apical sections of the left ventricle. Right ventricular involvement could be secondary to volume overload of the ventricle, which is often observed in coarctation of the aorta, whereas depression of contractility of the left ventricle was secondary to an increased afterload from the anatomic malformation of the left outflow tract and aortic arch as well as decreased resistance in the brain, as manifested by increased blood flow (abnormal middle cerebral artery Doppler findings; Table 5 ). 46 Assessment of the fractional shortening of the ventricular chambers is one component of fetal cardiovascular evaluation when anatomic or functional cardiovascular malformations are suspected. When substantial changes in fractional shortening occur, the clinician should consider using other diagnostic tools to further evaluate the fetal heart. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] One limitation of this study was the requirement of specialized software to compute fractional shortening for the 24 segments. Another limitation was the limited number of fetuses with abnormalities who were selected to illustrate various combinations of abnormal fractional shortening. Although each of the study fetuses selected to illustrate the utility of this method represented different cardiovascular malformations, further studies should be undertaken to determine the sensitivity, specificity, and positive and negative predictive values for this type of analysis.
The strengths of this study are several. To our knowledge, it is the first fetal study to evaluate segmental fractional shortening using 2-dimensional imaging of the 4-chamber view. Also, it provides the mean and standard deviation values that can be used for the basal and mid sections of the right and left ventricles that span a 20-week gestational period. Although it would be ideal to compute fractional shortening for all 24 segments, that process may not be practical for clinicians unless they use advanced software, as described above. However, because of our analysis, clinicians may consider the equations (mean and standard deviation) for the basal (segments [1] [2] [3] [4] [5] [6] [7] [8] and mid (segments 9-16) sections of the right and left ventricles to compute the Z-score. An Excel calculator is provided as a supplement to compute the Z scores and centiles for the 24 segments of the right and left ventricles (online Supplement 2).
